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L-Subshell Resolved Photon Angular Distribution of Radiative Electron Capture
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The photon angular distributions for radiative electron capture (REC) into the j = 1/2 and j = 3/2
L subshell levels were measured and calculated for U* — C collisions at 89 MeV/u. The experiment
provides the first study of the photon angular distribution of REC into a projectile p state (j = 3/2)
which was found to exhibit a slight backward peaking in the laboratory frame. For radiative capture to
the j = 1/2 states, the measured angular distribution deviates considerably from symmetry around 90°.
The results demonstrate that the usual sin?,,, distribution is not valid in the high-Z regime.

PACS numbers: 31.30.Jv, 34.70.+e

In collisions of highly charged ions with free or
quasifree electrons, the projectile may capture an electron
into a bound state. If this process is accompanied by
the simultaneous emission of a photon, it is denoted as
“radiative electron capture” (REC). Experimental studies
during the last years [1-3] have mainly focused on REC
to the K shell of light and medium-Z projectiles, while
results for higher shells are rather scarce [2,4]. In this
Letter, we report the first dedicated experimental and the-
oretical study of the strongly anisotropic photon-angular
distribution for REC into the energy-resolved substates of
the L shell of a high-Z projectile. The subshell-dependent
photon-angular distributions probe details of the rela-
tivistic bound-state wave functions and, at forward (or
backward) angles, the contribution of the electron spin
caused by magnetic interaction in relativistic collisions
[5,6]. There is no other case, up to now, in which spin-flip
effects in relativistic atomic collisions can be studied so
directly. We also note that detailed information on REC
is of essential importance for accelerator-based atomic
structure studies of high-Z ions, where this process is
the most important production mechanism for excited
projectile states [4,7].

Until now, the only measurement of x-ray angu-
lar distributions in REC has been reported by Anholt
et al. [8] for capture into the K shell of bare 197 MeV /u
Xe ions from Be atoms. In this case, the prediction of
the nonrelativistic treatment [9] was approximately veri-
fied. If one adopts a dipole approximation for the elec-
tron photon interaction for capture into an s state [10], the
angular distribution of the emitted photon in the projec-
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tile system is proportional to sin’6 where 6 is the angle
between the incoming electron and the emitted photon.
However, if retardation effects are included, the radiation
pattern is bent into the backward direction and, only af-
ter transforming into the laboratory frame, one ends up
with a sin8,,, distribution, as has been first noted by
Spindler, Betz, and Bell [11] and confirmed experimen-
tally in [8]. Very recently, Ichihara, Shirai, and Eichler
[6] performed relativistic calculations using exact bound
and continuum wave functions and treating the accurate
electron momentum distribution in the low-Z target atoms
within the impulse approximation. For high-Z projectiles,
they predicted pronounced deviations from a sin?6,,p dis-
tribution for K-shell as well as for L-shell REC. For the
latter, the results can be tested only in measurements of
subshell resolved angular distributions. This is done and
theoretically analyzed in the present Letter.

The experimental study of the photon angular distribu-
tion for REC into the substates of the L shell reported
here was performed at the fragment separator (FRS) at
GSI Darmstadt [12]. He-like uranium ions were chosen
as projectiles which can be produced with sufficient in-
tensity even at an energy as low as 89 MeV/u. Due to
the moderate Doppler broadening at this collision velocity
of B = 0.41 (8 = v/c) and the large L-subshell splitting
between the j = 1/2 and j = 3/2 states of about 4 keV
rendered possible for the first time to separate REC into
the different j substates of the L shell. It allows an ex-
ploratory study of the photon angular distribution for REC
into a pure p state (j = 3/2). For our experimental in-
vestigation, the 2s(j = 1/2) and the 2p(j = 1/2) levels
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in Li-like uranium, which are separated only by about
280 eV, can be treated as approximately degenerate.

For the experiment, the charge state fraction of the He-
like ion species was magnetically separated at the first
two stages of the FRS and focused onto a 400 pg/cm?
thick carbon reaction target with a diameter of 3 cm,
mounted at the central focal plane at the FRS. The target
itself was tilted with respect to the ion optical axis by
30°. After penetrating the reaction target, the emerging
charge states were once more magnetically analyzed in the
two final stages of the FRS and directed onto scintillator
detectors mounted at the final focal plane. Here, the ions
with the primary charge state (90+) and the ions which
captured one electron (89+) in the reaction target could
be registered independently in fast scintillator particle
counters.

For detection of projectile x rays, the target area was
surrounded by five solid-state Ge(i) detectors viewing the
target chamber center at observation angles of 30°, 45°,
90°, 135°, and 150° with respect to the beam axis. We
have to emphasize that the simultaneous measurement at
the various observation angles enabled us to determine
precisely the relative x-ray yields of the detectors indepen-
dently of the primary beam intensity. The solid angle of
each detector amounted to AQ /47 ~ 1073, At 45°, 90°,
and 135°, conventional x-ray detectors were installed with
crystals of the thickness of 20, 15, and 12 mm and active
areas of 800, 200, and 250 mm?, respectively. At 45° and
135° these areas were defined by rectangular slits mounted
just in front of the detectors. At 30° and 150°, 15 mm
thick, specially designed granular detectors were used [7],
consisting of seven equidistant, parallel stripes allowing to
cover observation angles between 27° < 6},, = 33° and
146° = 601, = 154°, respectively. The x rays registered
by each detector (detector segment) were recorded event
by event in coincidence with the down-charged ions.

In Fig. 1 the L-REC spectra are shown, taken at the ob-
servation angles of 45°, 90°, and 135° in coincidence with
projectiles having captured one electron. Although the
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FIG. 1. Charge-state-coincident L-REC spectra measured un-

der different observation angles in the laboratory frame for
89 MeV/u U** — C collisions. For presentation, the inten-
sities were normalized to one common scale. The solid lines
are fitted calculations (see text).

L-REC line shape is smeared out by the Compton profile
of the carbon target electrons, the splitting of the spec-
tral distribution, due to the L-subshell splitting, is clearly
visible. The most remarkable feature of the spectra is
the very strong variation of the relative intensities of the
components (j = 3/2 and j = 1/2, see the low- and the
high-energy part of the spectra in the figure, respectively)
with respect to the observation angle.

In order to gain precisely the line intensities corre-
sponding to REC into the j = 1/2 and j = 3/2 states, the
L-REC spectra were fitted for each angle using a theoret-

-ical line shape based on the double differential cross sec-

tion [13] which incorporates the correct Compton profiles
of the target electrons [14]. The results were transformed
to the laboratory frame and convoluted by a rectangular
function in order to account for the Doppler broadening.
In addition, a linear background was considered. In order
to improve the statistical significance of the analysis, the
spectra of the sevenfold detector at 150° were summed up
to three data sets at slightly different centroid angles. The
appropriate choice of the applied spectral line shape analy-
sis is demonstrated in Fig. 1 by the solid lines. For the
evaluation of the differential cross sections, the line yields
for each j substate gained by the least squares fit were
solid-angle corrected and normalized to the primary beam
intensity. For the latter, a total normalization uncertainty
of 50% must be assumed, whereas the relative systematic
uncertainties of the differential cross section values for the
various angles can be estimated to be less than 6%. In
Fig. 2, the obtained differential cross section values are
given as a function of the observation angle [see full di-
amonds in Fig. 2(a) for capture to the j = 1/2 states and
in Fig. 2(b) for capture to the j = 3/2 level]. The data
are compared with theoretical predictions based on a rig-
orous treatment of the REC process [6], which uses (a) ex-
act relativistic Coulomb wave functions for the bound and
continuum projectile states, (b) accurate Hartree-Fock mo-
mentum distributions of the electrons in their initial target
states, and (c) rigorous addition of the initial electron mo-
menta with the momentum resulting from the translation
motion of the target with respect to the projectile. In the
case considered here, the Li-like U%* is replaced by a hy-
drogenic system with the effective charge Z.;s = 90.3 [see
full lines in Figs. 2(a) and 2(b)]. In Fig. 2(a) the predicted
angular distributions for REC into the 2s;/, state (dashed
curve) and into the 2p;, state (dotted line) are given sep-
arately. All measured data points were multiplied by one
common factor of 0.65 for the adjustment to the theoretical
predictions, which is still within the total absolute uncer-
tainty of the measurement. As seen in Figs. 2(a) and 2(b),
a good agreement between experiment and theory can be
stated. The data for the j = 1/2 levels deviate consid-
erably from a symmetry around 90°, whereas the radiation
pattern for REC into the 2p3, state shows a slight enhance-
ment at backward angles. As illustrated in Fig. 2(a), the
forward peaking for REC into the j = 1/2 sublevels can be
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FIG. 2. Experimental angular distribution of L-REC radiation
(diamonds) for (a) REC into the 2s,, and 2p;,, states and
(b) REC into the 2p;), level. The solid line shows the result
derived from relativistic exact calculations. Theoretical results
for capture into the 2s,/, state [dashed line in (a)] and for
capture into the 2p;,, state [dotted line in (a)] are shown
separately.

explained by transitions to the 2s;, state [compare dashed
line in Fig. 2(a)]. Following Ichihara, Shirai, and Eichler
[6], this forward shift is partially attributed to the occur-
rence of spin-flip transitions (magnetic transitions). In the
case of REC to the 25/, state, only magnetic transitions
can produce nonvanishing cross sections at the forward
(61ap = 0°) or the backward (6,,, = 180°) angle. In con-
trast to the forward direction, the distribution at backward
angles is essentially determined by radiative transitions to
the 2p,, state [compare dotted line in Fig. 2(a)]. This ra-
diation pattern is very similar to the one seen in Fig. 2(b)
for capture into the 2ps/, state where the Lorentz transfor-
mation is not quite sufficient to cancel the backward shift
caused by retardation.

The striking difference of the two measured angular
distributions becomes more pronounced if the ratio of
REC into j = 3/2 and j = 1/2 levels is presented as a
function of the observation angle (Fig. 3). The results of
the relativistic calculation are given by the full line in
Fig. 3, whereas the experimental data are represented by
full points. The measured ratio is not affected by possible
systematic uncertainties, and the error bars shown are es-
sentially due to the statistical uncertainty. The predicted
very pronounced forward-backward asymmetry is excel-
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FIG. 3. Measured intensity ratios (see full points) as a func-
tion of the observation angle in comparison with theoretical pre-
dictions (solid line, relativistic-exact calculation; dashed line,
nonrelativistic approximation including lowest-order retardation
effects [15]).

lently reproduced by the experiment. The ratio reaches
its minimum at an observation angle of 45°, whereas the
maximum occurs at a backward angle of about 150°. Be-
tween minimum and maximum the intensity ratio changes
by as much as a factor of 2.6.

We like to add that the agreement found in Fig. 3 im-
plies strongly that the predicted total subshell population
cross sections are also correct. These values are given
in Table I in comparison to the results of the nonrel-
ativistic approximation. This comparison manifests that
the population of the two p states does not follow a pure
statistical distribution, one of the basic assumptions of a
nonrelativistic approach. The nonrelativistic dipole ap-
proximation underestimates the capture to the 2p states
by about 40% (compare Table I). However, for REC to
the 2s state, the result is very close to the relativistic one.
A similar observation for K-REC (capture to the 1s state)
has already been reported by Stohlker et al. [2]. For com-
pleteness, the predictions of the nonrelativistic approach
including lowest-order retardation effects are also illus-
trated in Fig. 3 (compare dashed line) [15]. As seen in
the figure, this approach fails completely in describing the
measured data.

TABLEI. Comparison of L-subshell population cross sections
(given in barn) calulated within the relativistic theory (RT) [6]
and the dipole approximation (DA) [10,15] using an effective
projectile charge of 90.3. For the relativistic calculations,
convergence was obtained by including all partial waves with
the relativistic quantum number || < 10.

T2s1/2 T2p112 T2p3)2
RT 274.6 219.7 219.7
DA 261.6 89.7 179.5
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In conclusion, the subshell resolved REC measurement
elucidates the subtleties of the radiative electron capture
process. The results are in excellent agreement with exact
relativistic calculations and show pronounced deviations
from a sin?6),,, distribution. Nonvanishing cross sections
in the forward and backward directions point to the
importance of magnetic transitions for REC into high-Z
projectiles. In addition, the relevance of the angular
momentum of the final state wave function is manifested
by the observed intensity pattern for REC into the 2p;/,
state. We conclude that proper relativistic calculations
must be used for reliable subshell cross section predictions
which are of crucial importance for planned atomic
structure studies using high-Z ions. For example, on the
basis of our findings, the discrepancy between the relative
intensities for K-, L-, and higher-shell REC as discussed
by Beyer et al. [4] is expected to be removed if a proper
relativistic theory is applied.

In the near future it is planned to extend our investiga-
tions to highly relativistic as well as to slow bare heavy
ions. For the latter, the deceleration mode of the ESR
storage ring will be used, allowing to decelerate high-Z
ions up to bare uranium to energies below 20 MeV /u.
The angular differential information at such low beam en-
ergies will provide an important tool for the correct un-
derstanding of x-ray spectra taken from high-Z ions at the
cooler section of storage rings, especially when measured
solely under one specific angle. Note that at such low ve-
locities one is essentially sensitive to the relativistic char-
acter of the final state wave function. Complementary to
the low energy regime, the use of highly relativistic heavy

ions will provide additional information on spin-flip tran-
sitions which are extremely sensitive to the use of accurate
wave functions.
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